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ABSTRACT 

A  general  fracture  toughness  parameter  was  previously  derived  23d 
verified  to  be  a  material  constant,  independent  of  layup,  for  centrally  cracked 
boron/aluninum  composite  specimens.  The  specimens  were  made  with  various  pro¬ 
portions  of  0"  and  145®  plies.  Moreover,  a  liaitc-d  asouat  of  data  lsdlC2£ed 

that  the  ratio  Q  ,,  where  e  .  is  the  ultimate  tensile  strain  of  the 
c  tuf  tut 

fibers,  might  be  a  constant  for  all  composite  laminates,  regardless  of  material 
and  layup.  In  that  case,  a  single  value  of  could  be  used  tc  predict 

the  fracture  toughness  of  all  fibrous  composite  laminates  from  only  the  clastic 
constants  and 

tuf 

To  verify  that  0  /e,  ,  is  indeed  a  constant,  values  of  0  /£  -  were 

c  tuf  c  tuf 

calculated  for  centrally  cracked  specimens  made  from  graphlce/polyialde, 
graphite/epoxy.  E-glass/epoxy,  boron/epoxy,  and  S-glass-graphlte/epoxy  mate¬ 
rials  with  numerous  jo^/±45j/90jj  layups.  The  data  are  presented  herels, 
within  ordinary  scatter,  the  data  indicate  that  constant  for  all 

laminates  that  did  not  split  extensively  at  the  crack  tips  or  have  other  devi¬ 
ate  failure  modes. 

Using  a  single  value  of  Q  ,  for  all  the  layups  and  materials, 

C  CUj. 

strengths  were  predicted  for  the  test  specimens.  The  predicted  ^d  test  values 
agree  well  except  for  laminates  that  split  extensively.  The*,  the  ^rflctcd 
strengths  arc  usually  conservative. 


INTRODUCTION 


Fibrous  composite  materials  like  graphite/epoxy  are  light,  stiff,  and 
strong.  They  have  great  potential  for  reducing  weight  in  aircraft  structures. 
However,  fibrous  composite  laminates  arc  usually  natch  sensitive  sr.d  lose  mych 
of  their  original  strength  when  damaged.  Low-velocity  Impact  damage  caused  by 
dropped  tools,  runway  debris,  birds,  et  cetera,  is  of  particular  concern. 

Thus,  designers  need  to  know  the  fracture  toughness  of  coaposite  laminates  in 
order  Co  design  damage  tolerant  structures.  Because  composite  laminates  can 


be  made  with  many  different  materials  and  layups,  testing  to  determine  the 
fracture  toughness  of  each  combination  would  be  prohibitively  expensive.  Thus, 
a  single  fracture  toughness  parameter  that  can  be  used  to  predict  the  fracture 
toughness  of  all  laminates,  at  least  those  of  interest  to  the  designer.  Is 
greatly  needed. 

In  reference  1,  a  genera!  fracture  toughness  parameter  Q.  was  derived 
and  verified  to  be  a  material  constant,  independent  of  layup,  for  centrally 
cracked  boron /aluminum  (B/Al)  sheet  specimens.  The  sheets  had  various  propor¬ 
tions  of  0**  and  043*’  plies.  The  fracture  toughness  of  each  layup  was  expressed 
as  the  critical  stress-intensity  factor  The  material  constant  Q^,  which 

defines  the  critical  level  of  strains  in  the  principal  load-carrying  plies,  is 


proportional  to 


The  equation  for  the  constant  of  proportionality  depends 


only  on  the  elastic  constants  of  the  laminate  and  the  orie.iCatlon  of  the  prin¬ 


cipal  load-carrying  fibers. 


Since  the  elastic  constants  can  bs  predicted  quite  well,  so  then  can  the 


constant  of  proportionality.  Consequently,  can  be  determined  from  tests 

of  one  layup,  and  can  then  be  predicted  for  other  layups  of  the  same 
material. 
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Also  In  reference  1»  the  ratios  of  Q  to  rttere  C  ^  Ji  the 

c  tuf  tuf 

tensile  strain  of  the  fibers,  were  shown  to  be  equal  for  the  j0j/i45j 
B/Ai  layups  and  for  [0/±45/90j  layups  made  from  graphlte/epoxy  (Gr/Ep),  boron/ 
euoxv  (1/Ep),  and  E-glass/eposy  (C-Gl/Ep).  If  this  is  indeed  true  for  all  lay- 
tins  and  materials,  the  fracture  toughness  of  all  fibrous  composite  laninstes 
can  be  predicted  from  only  tensile  properties  of  unidirectional  laminates. 

The  "point  stress"  criterion  of  ’.Chttney  and  Nuisrscr  (ref.  2)  is  also  suf- 
yested  by  some  to  be  a  single  fracture  toughness  parameter  for  composite 
materials.  However,  most  people  limit  the  "point  stress"  criterion  to  fiber- 
dominated  layups. .  (In  ref.  1,  the  general  fracture  toughness  parameter  predicted 
the  fracture  toughness  of  (±45]  B/Al  laminates  quite  well  in  spite  of  the  non¬ 
linear  stress-strain  behavior.)  Even  for  fiber-dominated  layups,  the  "point 
stress'*  criterion  and  the  general  fracture  toughness  paraneter  can  give  quite 
diilerent  results,  depending  on  the  layup. 

To  verify  that  ®  constant  for  fibrous  composite  materials, 

vaiu-s  of  are  presented  herein  for  a  large  aacuat  of  test  datai  The 

snecimens  contained  central  crack-like  slits.  The  test  data,  which  included 

the  n/Al  data  in  reference  1,  represent  44  combinations  of  6  different  materials 

end  numerous  jo./±45./90j]  layups.  Hybrid  and  ratrix-dorslnatcd  lavupB  arc 
1  3  k_  ■ 

included.  Within  ordtnarv  scatter,  the  test  data  verlfv  that  Q  /c.  ,  is  a 

c  tut 

constant  for  all  of  the  laminates  that  did  not  split  extensively  at  the  crack 
tips  or  have  other  deviate  failure  nodes.  .Splitting  elevated  the  values  of  0^. 
Then,  to  show  that  .strengths  can  be  predicted  with  a  single  value  of 
usinp  only  tensile  properties,  measured  and  predicted  strengths  are  compared  for 
panv  of  the  specimens.  They  usually  agreed  except  when  laminates  split.  Then, 
tbo  n^adictiona  were  usnnllv  conservative. 
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half-length  of  crark-llVe  slit,  m 

characteristic  distance  for  "average  stress"  criterion,  a 
crack, -opening  displacement  measured  midway  between  the  ends  of  the 
slit,  ra 

characteristic  distance  for  "point  stress"  criterion,  m 
characteristic  distance  for  general  fracture  toughness  parameter-  m 
Young's  modulus.  Pa 

ultimate  tensile  strength  of  laminate  (uncracked  specimen),  Pa 
shear  modulus.  Pa 

critical  stress-intensity  factor  (fracture  toughness),  Pav^ 
elastic  critical  stress-intensity  factor,  Pa»'m 
total  number  of  values 
i  value 

general  fracture  toughness  parameter, 
gross  laminate  stress.  Pa 

stress  at  failure  (strength)  of  cracked  specimens.  Pa 
width  of  specimen,  m 

far-ficld  (remote)  axial  strain  at  failure 

ultinsce  tensile  strain  of  laminate  (uncracked  specimen) 

ultimate  tensile  strain  of  fibers 

strain  in  the  fiber  direction 

Poisson's  ratio 

functional  that  depends  on  orientation  of  principal  load-carrying 
plies 

size  of  crack-tip  damage,  in 
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Subscripts! 
c  failure 

net  based  on  net  area  rather  than  gross  area 

K,y  Cartesian  coordinates  (The  x-direction  is  parallel  to  the  slit  and 

transverse  to  the  0"  fibers.) 

FAILURE  MODES  IN  C0J2>0SITE  LAMINATES 

lest  results  for  centrally  cracked  sheet  specloens  made  of  boron/aliminum 
(B/Al)  were  reported  in  reference  1.  The  sheets  were  made  with  various  propor¬ 
tions  of  0®  and  i45*  plles^  including  both  [0I  and  {*451  layups .  (Ths  0  pliss 
are  aligned  with  the  loading  direction,  which  is  transverse  to  the  crack-like 
slit.)  On  Che  macroscopic  scale,  the  specimens  failed  largely  by  selC-sinilar 
crack  extension,  even  Che  {t45l  specimens. 

Radiographs  of  the  specimens  indicated  that  only  0"  fibers,  or  S45®  fibers 
in  [t45j  laminates,  began  breaking  at  the  ends  of  crack-llke  slits  before  over¬ 
all  failure.  The  breaking  began  at  loads  corresponding  tc  abcitl  SO  peresnt  of 
the  eventual  strength.  The  breaks  progressed  from  fiber  to  fiher.  In  effect 
extending  the  slit  in  those  plies.  After  the  breaks  had  progressed  ahead  of 
the  slit  ends  a  distance  of  about  1.5  nn,  the  specimen  failed  catastrophically. 
Except  for  [i45l  laminates,  the  0®  plies  are  the  principal  load-carrying  plies, 
that  is,  they  carry  more  of  the  total  load  than  the  s45“  plies  could  carry 
alone.  In  (sASl  laminates,  of  course,  the  i45*  piles  arc  tte  prlisci^l  lead- 
currying  plies.  Therefore,  the  overall  failures  were  precipitated  by  isistable 
extension  of  the  crack-llke  slit  in  the  principal  load-carrying  plies* 

Tests  also  indicate  that  Gr/Ep  laminates  fail  the  same  way*  A 
IA5/0/-45/90jg  Gr/Ep  specimen  was  loaded  to  95  percent  of  Its  estimated 


t^cran^th.  X-rayed  I  unloaded,  and  destructively  examined.  The  photographs  to 


the  right  xTi  £igure  1  show  Che  seccnd  and.  third  piles  Cvlaved  ncrntally )  near 
the  slit  end.  Each  ply  was  photographed  after  successively  sanding  away  the 
outer  plv.  Broken  fibers  and  snail  splits  (matrix  cracks)  are  clearly  visible 
in  the  0^  plv.  The  0^  fibers  are  broken  ahead  cf  Che  slxC  end  for  a  dlotencc 


of  anproxinatoly  3  nan^  ^  Notice  that  the  damage  in  the  -45®  ply,  which  consists 
mainly  of  splits,  coincides  with  the  damage  in  the  0®  ply. 

A  radiograph  of  the  same  area  Is  also  shown  in  figure  1.  .he  dye  T®Z  wes 
used  to  enhance  the  image  of  the  damage.  The  dark  region  indicates  delamina- 
tAoos.  The  dark  i45*  lines  emanating  from  the  slit  end  indicate  splits  in  the 
t4  5.®  plies.  Faint  lines  Co  the  right  of  and  parallel  to  the  slit  indicate 
splits  in  the  90®  plies.  Because  the  breaks  in  the  0®  fibers  coincide  with 
the  damage  in  the  -45"  plies,  the  0®  fiber  breaks  were  not  revealed  by  the 


radiograph. 

Figure  2  shows  how  crack-opening  displacements  (COD)  also  indicate  that 
the  failure  of  principal  load-carrying  fibers  precipitates  the  overall  failure 
of  Gr^Ep  laminates.  The  specimen  is  similar  to  that  in  figure  1,  but  twice  as 
thick.  For  a  very  wide  isotropic  specimen,  the  COD  midway  between  the  slit 


ends  is  given  by 


con  =  4aS/K 


(1) 


Scoatiss  the  0®  piles  contribute  the  most  to  the  axial  stiffness  of  the  laminate, 
0®  fiber  breaks  at  the  slit  ends  will  affect  the  COD  much  as  an  increase  in  slit 
length.  Replacing  a  by  a  +  o  in  equation  (1),  where  P  is  the  extent  of  0" 
fiber  breaks,  and  solving  for  p, 

o  -  2a|j:C0D/S)/(C0D/S)^  -  (2) 
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where  (COD/S)^  is  the  Initial  compl'tance  and  (COD/S)  the  compliance  after 
0*  fibers  break. 

The  values  of  0,  calculated  with  equation  (2),  along  with  the  COD  measure¬ 
ments  are  plotted  against  applied  stress  in  figure  2.  Foe  convenience,  the 
applied  stress  was  divided  by  the  strength.  The  initial  cosipliancc  iu  St|ns— 
tion  (2)  was  not  measured  from  the  COD  curve  because  the  initial  part  was  some¬ 
what  erratic.  Instead,  it  was  calculated  with  equation  (1).  The  COD  jumped 
three  times  during  the  test.  A  discrete  "pop"  was  audible  each  tine.  The 
smoothness  of  the  COD  curi'e  and  the  absence  of  audible  noise  Indicate  that  the 
crnck-tlp  damage  probably  did  not  extend  between  jumps.  Thus,  in  figure  2,  the 
damage  size  p  Is  shown  as  a  constant  between  COD  jumps.  The  calculated  value 
of  p  .after  the  last  COD  jump  is  1.9  mn. 

Radiographs  made  before  the  first  COD  jump  (corresponding  to  a  load  of 
43  percent  of  Che  strength)  and  immediately  after  each  jump  arc  also  shown  in 
figure  2.  The  TBE  dye  was  used  to  enhance  Che  image  of  the  damage.  The  radlo- 
gr.'iphs  taken  at  the  two  largest  loads  reveal  an  apparent  extension  of  the  slit 
that  could  be  0®  fiber  breaks.  The  length  of  the  extension  is  about  Kfual  to 
i-.h«  p  calculated  from  the  COD  curve.  Thus,  damage  in  the  contiguous  plies 
hern  may  not  coincide  as  it  did  in  figure  1. 

The  results  In  figure  2  indicate  that  COD  measurements  may  bs  2  relatively 
•l.<T»ple  and  Inexpensive  method,  at  least  compared  to  radiography,  for  monitoring 
crack-tip  damage  during  a  fracture  test.  As  shown  subsequently,  fracture  tests 
cannot  be  properly  Interpreted  without  knowing  the  type  and  sine  of  erack-tip 
damage. 

In  contrast  to  the  quasl-isotropic  laminates  shown  In  figures  1  and  2, 
laminates  with  a  larger  proportion  of  0®  plies,  or  with  groups  of  0®  piles,  can 


7 


develop  very  long  splits  at  the  slit  ends  in  O''  plies.  In  scir.e  laminates,  the 
splits  extend  clear  to  the  specimen  ends  (grips)  well  before  complete  failure. 
Shear-lag  analyses  (e.g.,  refs.  3  and  4)  indicate  that  splits  can  significantly 
reduce  local  fiber  stresses  and,  consequently,  can  ameliorate  the  loss  of 
strength  due  to  a  crack-like  slit.  (Of  course,  v;hen  splits  extend  to  the  speci¬ 
men  ends,  the  stress  concentration  factor  is,  for  all  intents  and  purposes, 
reduced  to  unity  for  very  wide  specimens.)  The  inatrix  shear  stresses  at  the 
split  ends  are  reduced  by  non-O®  plies,  which  bridge  the  splits.  The  shear 
stresses  arc  further  reduced  by  dispersing  the  0®  plies  among  the  non-0®  plies 
rather  than  grouping  them  together.  Therefore,  the  size  of  the  splits  in  the 
0”  plies  depends  on  the  proportion  of  non-0®  plies  and  their  arrangement , 

Although  epoxy  laminates  can  split,  B/Al  laminates  usually  do  not  (ref.  1). 
The  aluminum  matrix  is  much  stronger  and  more  ductile  than  the  epoxy  matrix. 

Even  so,  the  0®  B/Al  specimens  do  develop  Icng  yield  zones  due  to  the  Targe 
matrix  shear  stresses.  (The  shear-lc^  analyses  indicate  that  matrix  yielding 
also  reduces  local  fiber  stresses,  but  not  as  much  as  splits.) 

Epoxy  laminates  with  S-glass  fibers  which  have  ultra-large  ultimate  tensile 
strains  (0.028)  also  tend  to  split.  The  radiographs  in  figure  3  indicate  that 
a  S-glass-graphlte/epoxy  (S-Ol-Cr/Ep)  hybrid  specimen 

developed  long  splits  before  overall  failure,  whereas  an  all-Gr/Ep  specimen  did 
not  apTiear  to  split  at  all.  Based  on  the  net-section  area,  the  strength  of  the 
cracked  hybrid  specimen  is  nearly  equal  to  that  of  an  uncracked  specimen.  Thus, 
the  splits  probably  extended  to  the  specimen  ends  (grips)-  The  hybrid  specimen 
did  not  begin  splitting  until  the  stress  reached  about  123  percent  (294  iTa)  of 
the  strength  of  the  all-Gr/Ep  specimen.  Therefore,  the  hybrid  specimen  would 
not  have  split  had  its  strength  not  been  so  much  larger  (about  150  percent)  than 
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that  of  the  all-Gr/Ep  specimen.  (Of  ccuree,  the  large  strength  of  the  hybrid 
specimen  was  partly  due  to  the  split  itself)  as  noted  previously.) 


DERIVATION  01  THE  GENERAL  FRACTURE  TOUGILVESS  PARAMITER  Q 

c 

The  test  results  in  the  previous  section  indicate  that  the  failure  of  com¬ 
posite  laminates  is  precipitated  by  failure  of  the  principal  load-carrying  fibers 
just  ahead  of  the  crack  tips.  Therefore,  overall  failure  should  occur  when  the 
strains  In  the  principal  load-carrying  fibers  reach  a  critical  level.  These 
strains  were  derived  in  reference  1  for  an  axially  loaded,  specially  orthotropic 
sheet  containing  a  central  crack-like  slit.  The  strains  were  expressed  in  terms 
of  the  stress-intensity  factor  using  laminate  analysis.  This  analysis  Is  valid 
when  crack-tip  damage  is  small  compared  to  crack  length.  The  critical  level  of 
fiber  strains  was  then  defined  by  a  general  fracture  toughness  parameter  Q^, 
which  Is  proportional  to  the  critical  value  of  the  stress-lntensltv  factor  K.,, 
The  constant  of  proportionality  depends  only  on  the  elastic  constants  and  the 
orientation  of  the  principal  load-carrying  fibers.  Since  the  critical  level  of 
fiber  strains  should  depend  only  on  the  strain  capability  of  the  fibers, 
should  be  a  fiber  property,  independent  of  layup.  The  test  data  in  reference  1 
for  the  various  B/Al  laNOips  verified  the  critical  strain  level  and,  hence,  Q 

c 

is  reasonably  Independent  of  the  proportion  of  0®  and  plies. 

The  equation  for  (ref.  1)  is 


%  - 


(3) 


where  ^  is  a  functional  that  depends  on  the  orientation  of  the  principal  load¬ 
carrying  fibers  and  is  Young's  modulus  in  the  0“-flber  direction  (also  the 
loading  direction),  klien  0®  fibers  are  the  principal  load-carrying  fibers. 
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?  “  1  -  V  Je  /e 

yx  V  X  y 

and  w!ien  r45°  fibers  are  the  principal  load-carryinc  fibers. 


(4^ 


'^yx  Young's  modulus  tr 

r.h‘i  ma.lor  Poisson's  ratio,  respectively. 


(5) 

ar.sverse  to  the  0“ -fiber  direction 
The  major  Poisson's  ratio  V 

yx 


gives  the  ratio  of  transverse-to-longitudlnal  strain  when  a  uniaxial  load  is 
apnlisd  in  the  0“— fiber  direction.  (Values  of  ^  can  be  calculated  for  other 
principal  fiber  orientations  using  the  equation  in  ref.  1.) 

Because  is  a  fiber  property  that  depends  on  the  strain  capability  of 

the  fibers  in  the  principal  load-carrying  plies,  should  also  be  propor- 

t.tonal  to  the  ultimate  tensile  strain  of  the  fibers  e.  Indeed,  a  prclimi- 

tUt 

narv  study  in  reference  1  Indicated  that  i®  approximately  equal  for 

the  various  B/Al  layups  and  for  quasi-isotropic  epoxy  layups  sade  fron*.  graphite. 


boron,  and  E-glass  fibers. 

It  is  important  to  note  that  squared  Is  proportional  to  a  "char¬ 

acteristic  distance,"  like  that  In  the  "point  stress"  criterion  of  '-Jitney  and 
Xv.lsmcr  (ref.  2).  However,  the  "point  stress"  criterion  is  limited  to  fiber- 
dov-inated  layups,  but  the  general  fracture  toughness  parameter  (ref.  1)  is  not. 
-V-oreover.  even  for  fiber-dominated  layups,  the  appendix  shews  that  the  "point 
stress"  criterion  and  general  fracture  toughness  parameter  can  give  quite  dif¬ 
ferent  results,  depending  on  the  layup. 
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A  RrPifESFTrrATIVE  VALUE  OF  Q  /£  ^ 

X  tuf 

Method  for  Celonlatine  0  /t^  , 

^  c  tuf 

Values  of  and  were  calculated  for  six  differcait  composite 

materials  and  numerous  layups.  The  results  are  given  in  table  I;  along  with 
the  ultimate  tensile  strength  of  each  material  and  layup.  AIL  of  the  layups 
are  symmetric  and  balanced,  and  belong  to  the  [b^/±45j/90j^  family.  The  dif¬ 
ferent  materials  are  graphice/epoxy  (Gr/Ep),  graphitc/pclyimids  (Gr/Pi), 
E-nlass/epoxy  (F.-Gl/Ep),  boronyepoxy  (B/Ep) ,  S-glass-graphite/epoxy 
(S-Gl -Gr/Ep),  and  boron/aluininum  (B/A1>.  The  Gr/£p  laminates  were  made  fcom 
T3n0/5208,  t:ioo/934,  and  T300/SP-286  -.atsrlal  systems. 

The  values  of  Q  and  Q  /c  -  in  table  I  are  averages  for  all  srjciraens 
c  c  tuf  ° 

made  of  a  given  material  and  layup.  The  test  data  used  to  calculate  were 

taken  from  references  1,  5  tdrongh  11,  and  table  IIs  Table  II  contains  results 
of  Individual  tests  conducted  by  the  author  for  several  Gr/Ep  layups.  The 
specimens  were  axially  loaded  and  coutained  central,  crack-like  silts.  The 
data  generally  include  duplicated  tests  of  specimens  with  several  crack  lengths 
and  sometimes  with  several  widths.  In  ail,  average  values  of 
reported  for  44  combinations  of  material  and  laminate  orientation. 

Except  for  B/Al  laminates,  the  values  of  Jn  table  1  were  calculated 

with  equations  (3)  through  (5).  For  B/Al,  the  values  of  were  taken 

directly  from  reference  1,  whom  they  were  calculated  with  failing  strains  in 

order  to  eliminate  nonlinear  stress-strain  effects. 

For  axially  loaded  specimens  with  central  crack-like  silts,  the  Kq 
values  in  equation  (3)  were  -'Iculated  assuming 

=  S  Jr, a  +  p  1  sec  (Ta/'i)  (6) 

Q  cl  '  C' 
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is  the  strength,  a  is  th^  half-leneth  of  the  crack-llke  slit,  W 

is  cbo  specimen  width,  is  the  size  of  damage  at  the  slit  ends  at  failure, 

eni  /«ec  (’ia/W)  is  a  widely  used  isotropic  finite-width  correction  factor. 

The  I'if'trnolc  finite-width  rorrectioii  factor  was  used  for  convenience  since 

fiiiite-e''e?i’ent  calculations  Indicated  that  the  effect  of  anisotropy  for  the  lay 

•<ps  in  tables  I  and  IT  was  snail,  usually  ’ess  than  5  oercent.  The  p  in 

c 

nouatlon  (6)  was  determined  so  that  cqur.tioa  (6)  predicts  the  ultimate  tensile 
strength  when  there  is  no  crack— just  like  in  reference  1.  Substituting 
S.  =  and  2a  »  0  into  equation  (b)  and  solving  for  P^, 

’c  *  (Vftu)y''  <’> 

Substituting  equation  (7)  Into  equation  (6)  and  solving  for  Kp, 

^0“  ~  S^/na  sec  (ra/l')  (9) 

is  the  usual  "elastic"  stress-intensity  factor  at  failure. 

r.n  reference  8,  values  of  fracture  toughness  K^,  bur  not  strength  S^, 
VST'?  reported.  However,  the  values  of  K„  were  not  calculated  with  equa- 

i; 

tions  (S)  and  (9;.  Thus,  values  of  scrength  were  calculated  with  the 
equations  Ir.  reference  8,  and  then  was  recalculated  v:ith  equations  (8) 

and  (9)  , 

The  elastic  constants  and  the  ultimate  tensile  fiber  strains  used  to  cal¬ 
culate  given  in  table  Hi.  The  elastic  constants  for  the  B/Al 

and  Gr/Pi  layups  were  taken  from  references  1  and  11,  respectively.  For  most 
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of  the  other  Is^ps,  the  elastic  constants  were  not  reported.  They  were 
thereCore  calculated  with  laninste  analysis  using  the  elsstic  constauts  in 
table  III  for  lOj  layups.  The  sa^e  elastic  constants  were  used  for  all  Gr/Ep 
laminates  with  the  same  proportion  of  0®,  ±45®,  and  90*  piles,  even  though 
they  were  not  all  made  from  the  same  material  system  nor  with  the  same  stacking 
sequence  and  number  of  plies.  The  elastic  constants  In  tahle  III  for  fOl 
E-Gl/Ep,  B/£p,  and  S-Gl/Ep  were  taken  from  references  6,  10,  and  12,  respec¬ 
tively.  Those  for  [0]  Gr/Ep  were  determined  from  tests  of  t0]gj  T300/520S 
specimens  (63  perceat  fiber  volume  fraction)  by  the  author. 


The  failing  strains  of  unidirectional  unnotched  laminates  were  used  as 
values  of  in  table  III.  Because  the  failing  strains  were  usually  not 

reported,  they  wen.  estimated  from  stress-strain  plots  or  were  calculated  as 
the  ratio  of  strength  to  Young's  modulus.  (The  stress-strain  curves  for  the 
unidirectional  laminates  were  very  linear  to  failure.)  ' 

for  the  S-Cl-Gr/Ep  hybrid  laminates,  the  value  of  for  either 

S-Gl/Ep  or  Gr/Ep  was  used  to  calculate  depending  on  the  particular 

laminate.  (See  table  III.)  When  all  the  0®  plies  ate  S-Gl/Ep,  the  principal 
load-carrying  plies  are  S-Gl/Ep,  and  the  of  S-Gl/Ep  is  ysed.  But  when 

the  0®  plies  are  half  S-Gl/Ep  and  half  Gr/Ep,  the  0®  Cr/Ep  plies  are  the  prin¬ 
cipal  load-carrying  plies  because  the  graphite  plies  carry  2,5  times  the  load 
that  the  S-glass  plies  carry,  but  fall  at  about  one-third  the  strain.  Thus, 
the  of  Gr/Ep  was  used  for  the  laminates  with  half-and-half  0®  plies,  and 

likewise  for  the  [i45Qj/t45g^(  laminates. 

Values  of  could  also  be  calculated  this  way  for  hybrid  layups  in 

which  the  S-glass  fibers  (or  some  other  fibers)  are  uniformly  integrated  into 
the  graphite  plies  rather  than  segregated  into  individual  plies. 
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Results 


The  values  of  Q  /£  -  in  table  I  are  shown  in  the  bar  nraoh  in  fieure  4. 

The  data  are  grouped  by  material  and  all  layups,  except  for  those  belonging  to 
(0/i45/90],  are  identified.  The  space  in  figure  4  is  insufficient  to  identify 
individually  the  numerous  fO  *45/90]  iavups.  The  values  of  0  !z  ,  between 
1.25  and  l.Tov'mm  (the  shaded  band)  represent  data  between  the  20th  and  73rd  per¬ 
centiles,  respectively  (53  percent  of  the  data).  (See  the  normal  probability 

plot  In  flcure  5.)  Laminates  with  Q  /c  ,  values  in  this  bend  failed  basi- 

c  tuf 

caily  by  self-similar  crack  extension,  at  least  in  the  macroscopic  sense,  with 

little  crack-tip  damage.  The  data  outside  this  band  are  more  scattered  and  are 

associated  mostly  with  laminates  that  had  variant  failure  cedes,  such  as  split- 

clny.  Tf  the  Q  /e  .  values  outside  this  band  are  excluded,  the  values  within 
"  X  tut 

the  band  have  a  coefficient  of  variation  of  0.10,  which  Is  about  the  same  as 
that  for  values  of  unidirectional  laminates.  Therefore,  the  parameter 

Q  /s^  ,  accounts  verv  well  for  the  effects  of  lavuo  and  material  when  the  crack, 

C  t'.Tl  •  '  •  • 

extension  is  self-similar  and  the  crack-tip  damage  is  relatively  small. 

The  value  of  0  .  for  the  47th  percentile,  which  is  aidwav  betvean 

c  tut 

the  20th  and  73rd  percentlies,  is  I.SOvmTO.  This  value  should  be  a  good  estimate 
of  the  average  or  representative  value  for  all  of  the  materials. 

The  large  value  of  for  the  3/Al  layup  was  reported  in 

reference  1  to  have  been  caused  by  overall  yielding,  especially  for  specimens 
with  .short  slits.  (The  stres.s-strain  behavior  of  all  the  B/Al  layups  in  refer¬ 
ence  1  was  nonlinear,  but  to  a  lesser  degree  for  layups  with  a  larger  proportion 
of  0°  plies.  However,  t  ,.ccpt  for  the  [i45l,.  laminates,  the  effect  of  the  non- 
Linear  stress-strain  behavior  was  mostly  eliminated  by  using  remote  failing 
strains  rather  chan  strengths  to  calculate  Q,,*)  The  large  values  of 
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for  rts  [0/t45/90j,^  and  fO/901^,,  Gr/Ep  laywps  in  reference  6  are  anomalous. 

from  other  references  gave  m»ch  lot?er  value* » 

The  other  values  of  above  the  73rd  percentile  in,  fl^re  4  are 

mostly  associated  with  layups  that  split  extensively,  such  as  hybrid  layups 
end  Cr/Ep  layups  with  a  large  n'^oportlon  of  0®  plies  or  0®  plies  grouped 
together.  Ai^  noted  previously,  splits  reduce  local  fiber  stresses.  Therefore, 
whoR  laminates  split,  the  stress-intensity  factor  overestimates  local  fiber 
stresses,  and  %'alues  of  and  thus  are  greatly  elevated. 

For  many  of  the  3/Ep  layups,  the  values  of  in  figure  4  are 

below  the  20th  percentile.  For  the  j^02/02/902/+45 layup,  the  unnotched 
tc’^silc  specimens,  as  wall  as  the  specimens  with  crack-like  slits*  failed  with 
lnv»  strains  In  the  0®  fibers — much  Lower  than  E  In  fact,  the  F  values 

tUi  vU 

rejected  in  reference  10  for  many  of  the  fiber-dominated  layups  do  not  follow 
Che  rule  of  mixtures  very  vrcll— -not  nearly  as  well  as  the  various  fiber- 
Hen+natcd  Gr/F.p  layups  in  table  I.  (The  value  for  [90/01  ,g  in  table  I 

was  taken  from  ref.  13  because  the  unnotched  specimens  in  ref.  10  failed  at  a 
crln.)  The  lov  values  of  Q  /c  .  for  the  [i'f5/0/t45/0}_  2nd  t90/—45/90/45j . 
lav»ips  could  be  anomalous  since  only  a  couple  of  specimens  were  tested. 

Tl-ere  Is  no  evidence  that  the  low  values  of  the  |0,/±45j 

and  f0/i45l25  Gr/Ep  layups  are  anonalnu*:.  The  datn  cose  from  three  sources 
and  represent  many  specimens,  and  the  values  follow  the  rule  of  mixtures 

fairly  well.  Perhaps  the  because  the  matrix  damage 

at  the.  slit  ends  is  relatively  small.  (Compare  radiographs  in  figure  3  for 
the  [45/0/-45/0l2g  Gr/Ep  specimen  with  those  in  figures  1  and  1  tor  the 
(45/0/-45/90J  Gr/Ep  speclmeRs. ) 
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It  Is  interesting  that,  for  a  value  of  Q_/£: 


®  1.5v'nsn,  the  character¬ 


istic  distance  calculated  with  equation  (A2)  is  quite  small,  only  0.36  mm. 
This  distance  is  only  about  two  to  two-aad -one-half  times  the  spacing  of  the 
boron  fibers  or  the  thickness  o£  the  Gr/Ep  plies.  The  smallest  distance  one 
would  expect  is  one  fiber  spacing  for  boron  fibers  or,  for  tows  of  snail  fibers 
like  graphite,  one  ply  thickness.  Tlitirefore,  when  crack-tip  damage  is  small  at 
failure,  the  singular  strain  field  given  by  the  stress-intensity  factor  approxi¬ 
mates  the  actual  strains  near  the  slit  ends  fairly  well. 

Also,  for  laminates  damaged  by  ballistic  iapact,  values  of 
fi/Ep  and  Gr/Ep  (ref.  14)  agree  quite  well  v’ith  those  calculated  using  a 

l.ov'rm.  Assuming  that  the  unnotched  strengths  follow  the 

rule  of  mixtures  fF^  *  E  c  ,  i,  equation  (3)  gives 
\  Cu  y  tut  / 


Equation  (10)  predicts  that  K„/T^  varies  with  lavup.  For  the  various  l3\n:ps 

y  CU 

in  rafecer.ee  14,  ^  varies  from  0.54  to  0.94.  Therefore,  equation  (10)  pre¬ 

dicts  values  of  K,/F  from  1.6  to  l.Bt'mjlj,  which  compare  well  with  the  values 
Q  tu 

of  2.6  to  3,li/Bm  from  reference  14,  at  least  for  the  larger  values.  The  lowest 

predicted  values  of  K^/F  are  associated  with  laminates  that  have  a  large 

Q  tu 

proportion  of  0“  plies.  For  these  laminates,  as  noted  previously,  splitting 
usually  makes  the  measured  values  of  higher  than  Che  predicted  values. 

Notice  also  that  the  range  of  values  for  different  layup?  is  drasti¬ 

cally  diminished  by  splitting.  Therefore,  experiments,  based  on  data  from  these 
laminates  alone,  might  Lead  to  the  conclusion  that  Independent  of 

layup,  which  contradicts  equation  (10)  and  contradicts  the  observed  results  from 
tests  of  laminates  that  do  not  split. 
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It  %»s  show!  In  reference  1  tbnt  the  crack-tip  damage  size  given  by 
equation  (7)  agreed  well  with  the  extent  of  stable  fiber  breaks  in  0®^  plies  of 
!0, /t45."|  B/Al  laminates.  For  (0/145/90!  Gr/F?  layups*  equation  (71  elves 

Ijg 

0^  =  2,6  mn,  using  properties  of  the  material  in  table  II  from  manufacturer  B. 
This  prediction  falls  within  the  2  to  3  mm  range  of  0®  fiber  breaks  shown  pre¬ 
viously  In  figures  1  and  2.  Therefore,  equation  (7)  predicts  the  eKtent  of 
stable  crack  extension  in  the  0“  plies  of  Gr/Ep,  at  least  for  t0/t45/90l  layups, 
as  well  as  B/Al, 

STRENGTH  PREDICTIONS  WITH  Q  /€■  - 

c  tar 

Method  for  Cal culaLing  Strength 

Strengths  of  epoxy  specimens  made  with  the  various  layups  In  table  I  wars 
predicted  assuming  “  I.OrnOT.  Solving  equations  (3),  (8),  and  (9)  for 

strength  and  replacing  by  1,5£^^^, 


S  /sec 
c 


(iia/W)/F 


tu 


Tin 


F  /(I. 
tu  I 


5e^  -E 
tuf 


,-1/2 


(11) 


The  right-hand  side  of  equation  (11)  is  independent  of  specimen  width,  and,  for 
laminates  that  follow  the  rule  of  mixtures  /F^  “  C,  ,E  is  Independent  of 

Che  ultimate  tensile  strength  It  mainly  depends  on  slit  length  and  C, 

which  depends  mainly  on  laminate  orientation.  Thus,  for  convenience,  the 
strength  ratio  on  the  le-ft-hand  side  of  equation  (11)  rather  than  the  absolute 
strength  was  used  to  compare  measured  and  predicted  strengths.  All  masured 
strengths  shown  hereinafter  are  generally  averages  of  two  or  three  tests. 

Equation  (11),  which  is  based  upon  falling  stress,  does  not  predict 
strengths  for  nonlinear  laminates  like  B/Al  as  well  as  the  procedure  in  refer¬ 
ence  1,  which  Is  based  upon  failing  strain.  Therefore,  the  procedure  In 
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reference  1  was  also  used  here.  First,  the  failing-strain  ratio  was  predicted 


e  /sec  (Ta/W) / e 

tu 


1  + 


•1/2 


(12) 


Then,  fno  strenf'th  ratio  was  predicted  with  the  Ramberq-Osgood  stress-strain 
equation  froni  reference  15.  Because  the  stress-strain  rilationshio  is  nonlinear, 
the  calculation  of  S^,/sec  (Ta/Wi/F.^^  from  e^/Wee  (ira/U)/p^^^  will  depend  upon 
a/!;.  But  nrclininary  calculations  with  different  values  of  a/U  indicated  that 
the  dependency  on  a/W  was  very  snail  and  could  bs  neglopted. 


Comparisons  of  Predicted  and  Measured  Strengths 
Flbgr-dorr.inated  layups.-  Strength  ratios  are  plotted  against  slit  length 
In  figure  6  for  [0/145/90],  [0/145],  jOT/l43j,  and  (0/90]  layups  made  of  several 
different  materials.  Predictions  were  essentially  identical  for  several  mat c- 
riais  in  figure  6(a).  Except  for  the  [0/1451 -,j.  and  [0/i45/0|25  Cr/Ep  layups  in 
Tigurcs  6(b)  and  6(c),  the  predicted  and  measured  strength  ratios  agree  fairly 
well..  However,  for  the  [0/145],^  and  (0/i45/0].^g  Gr/Ep  layups,  the  predicted 
strancth  ratios  were  notice??bly  higher  than  the  measured  strength  ratios.  The 
lew  valuer,  of  noted  before  reflect  these  low  values  of  strength. 

T’-e  102/14^  B/P.p  specinen  in  figure  6(c)  with  the  longest  slit 
(la  -  25.4  m)  split  at  Che  ends  of  the  sl.lt  in  the  0®  plies.  The  .splits 
extended  to  the  ends  of  the  sperimer.  before  the  specimen  failed.  Thus,  the 
sf  i'C';''.  on  the  net  section  (compare  the  circular  symbol  to  the  dashed  curve)  was 
cl-'sc  to  the  ultimate  tensile  strength.  Splitting  was  not  reported  in  the 

,0,/i45l  B/Ep  Bpeclmcns  with  slits  shorter  than  25.4  mm. 

-'S 


A»  predicted*  the  strength  ratios  In  figure  6  for  a  giv^  inlnate  orienta¬ 
tion  do  not  strongly  depend  on  the  type  cf  cctiposltc  sstcris! — shcthcr  the 
asatrix  Is  epoxy,  polylmlde,  or  alumlmim,  or  whether  the  fibers  are  graphite* 
boron,  or  E-glaas.  In  fact,  the  differences  in  the  curves  are  probably  less 
than  nonnal  experimental  Scatter  (10  percSu 


A.  Wfc  V04  Wwiataxtswu 


with  differences  among  fiber  volume  fractions  of  the  vari<pu8  laminates  (usually 
not  reported).  All  of  the  layups  are  very  notch  sensitive.  Slits  longer  than 
15  am  reduce  the  strength  50  percent  ut  more. 

Matrix-dominated  layups.-  Predicted  and  measured  strength  raclos  are 
plotted  in  figure  7  for  [145]  layups  made  of  Gr/Ep,  B/Ep,  and  B/Al,  which  are 
matrix  dominated.  An  unusually  large  width  effect  was  reported  in  reference  1 
for  [tASl^g  B/Al  specimens,  which  had  widths  of  19.1,  50.8,  and  101.6  nn.  For 
a  given  slit  length,  strength  Increased  with  specimen  width  more  than  predicted 
by  the  theory  of  elasticity.  (Two  symbols  are  shown  in  figure  7  for  spscinens 

with  2a  «  5.1  mm  because  they  had  differjent  widths.)  Despite  this  width 

I 

effect,  the  measured  and  predicted  strength  ratios  for  b/Al  agree  fairly 

well.  Also,  the  strength  ratios  are  surprisingly  low  for  [i  45j 2g  B/A1,  as  low 
as  those  for  the  fiber-dominated  layups  in  figure  6. 

On  the  other  hand,  as  predicted,  the  strength  ratios  for  the  t-^5^l2g 
layups  are  much  higher  than  those  for  the  [i45l,^  B/Al.  For  the  25.4-  and 
88.9-fflm-wlde  It45]  epoxy  layups,  the  predicted  strength  ratios  result  In  net- 
section  stresses  greater  than  (Solid  curves  are  above  the  dashed  curves.) 

Therefore,  the  actual  strengths  for  the  25.4-  and  88.9-fnffi-tfld«  ti45l  s?OX5* 
specimens  were  limited  by  the  small  net-section  areas  and  were  thus  lower  than 
the  predicted  strengths.  (Strangely  enough,  the  net-seetlon  stresses  for  the 
25.4-mm-w1de  Cr/Ep  specimens  were  considerably  greater  titan  p  fc* 
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Che  ISi-ww-vide  Gr/Eo  soeclnsns:  rhe  net-seecion  stresses  are  below  F  ,  and 
■  ■  tu  ■ 

Che  i'e;»<sured  and  predicted  strength  ratios  agree  almost  exactly.  Therefore, 
the  ceneral  fracture  toughness  parameter  correctte predicted  the  larce  dlffer- 
f-nce  bctvv'een  Strength  ratios  for  [t45]  layups  with  epoxy  and  aluninum  matrices 
Boccuse  the  fiber  strains  reached  the  aredlcted  critlGal  levels,  fracture  of 
[i45l  layups  is  actually  "fiber  dominated, except  maybe  for  the  small 
-'.poxy  soecincns. 

The  minimum  specimen  width  that  will  result  in  net-section  stresses 
smaller  than  can  be  predicted  with  eauations  (3)  and  (8).  Setting 

“  2a/W)  and  solving  for  v/idth, 


"  2  [ih'Suf  i( Vt»dhui/<-’‘'“>]  - 1) 

iJsing  properties  in  tables  I  and  III  for  [±45]  Gr/E?  laminates,  equation  (13) 


gives  minimum  widths  between  84  and  153  tan  for  values  of  1. 


'tween  0 


ind  0.5.  .\nd  for  [0/i45/90]  Gr/Kp  laminates,  etjuation  (13)  Eivtij  .Tvr.itnum 
widths  between  10  and  19  mm.  Therefore,  much  wider  specimens  ere  required  for 
(t451  Gr/Ip  chan  for  l0/±45/90]  Gr/Ep. 

Hybrid  lavups.-  The  predicted  and  measured  strength  ratios  are  plotted  in 
ft-^ure  S  for  the  hybrid  laminates  in  reference  7.  Except  for  the 
(o^, /+45^  /90r."^  hybrid  specimens,  the  measured  strength  ratios  are  conslder- 
ably  larger  than  the  predicted  ratios,  as  reflected  In  the  large 
values  in  table  I.  At-  discussed  previously,  the  large  strengths  were  caused 
by  extensive  splitting  at  the  slit  ends  In  the  0®  plies,  like  that  shown  in 
figure  3.  However,  for  the  ) 0^, /t45j,^/90^^  hybrid  speeiJnsns,  the  predicted 
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and  Reasured  strength  ratios  agree  very  well.  Thus,  in  this  Istinate,  dassgs 

at  the  slit  ends  naist  have  been  relatively  small  up  to  failure.  Halite  the 

all-graphite  l±45l«„  specl'nens  in  reference  7,  the  fi45_, /t45,~l  hybrid 
iS  [_  Gx 

specimens  delaminated  extensively  at  the  slit  ends  well  before  overall  failure. 

Consequently,  the  net-section  stress  in  the  r+45-,/li5„J]  hybrid  specimens 

GI  Grjg 

was  close  to  in  figure  B. 

Ct'en  though  the  strengths  of  most  of  the  hybrid  specimens  were  not  pre¬ 
dicted  well,  the  trends  were.  The  strengths  of  hybrid  layups  and  all-Gr/Ep 
layups  in  the  table  below  are  in  the  correct  proportions.  Notice  that,  as 
predicted,  there  was  little  or  no  actual  improvement  in  strength  of  the 

and  /i-o^  hybrid  layups  over  the  correspendisg 


Gr'  Gr 


Gr 


-S 


Gl 


'Gr 


-S 


a.ll-Gr/Ep  layups. 


— 

Hybrid  Lavun 

'\)  i 

‘^'Hybrid/ 

^(S  j  j 

All-Gr/Ep  i 

Predicted 

Experimental  1 

[Sci'^'^^Gr'ig 

1.67 

2.29 

1.94 

1.73 

i 

f 

.80 

.89  ! 

i  ri^5g^/l45^^1 

1  -  -'S 

.74 

1.19 

Effect  oL  layup.-  The  predicted  and  measured  strength  ratios  are  teplottcd 
in  figure  9  for  the  various  Gr/Ep  layups.  Only  one  curve  Is  shown  for  the 
t0/t4j/90]  layups  and  the  [0/145/0] layup  because  the  pradicciens  sre  vistti- 
aJly  the  same.  Except  for  the  [0/145/0] and  [0/1451 „„  layups,  the  order  of 
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Che  curves  is  correct.  For  the  [0/145/0],^  and  [0/t453^g  layups,  the  measured 
screncths  are  lower  than  the  predicted  strengths,  as  noted  previously.  (The 
-'ca.surecJ  and  predicted  strengths  might  be  in  better  agreement  if  actual  elastic 
constants  had  been  available  for  predicting  the  strengths.) 

As  predicted,  the  overall  effect  of  layup  in  figure  9  is  large.  The 
effect  among  the  fiber-dominated  layups  is  much  smaller-,  but  is  still  signifi¬ 
cant  (greater  than  Che  effect  of  material  in  figure  6).  The  strength  ratios  of 
[0/9^3, „  specinens  are  about  two-thirds  those  of  [0/145/90]  specimens.  For 

-O' 

'ong  slits,  they  are  prudicted  to  be  about  one-half.  A.S  shown  in  the  appendix, 
the  "point  stress"  criterion  cannot  predict  the  effect  of  layup  in  figure  9 
because  it  is  based  on  ianiiiate  stresses  at  the  slit,  ends,  which  do  not  depend 
upon  layup. 


COMCLUDING  REMARKS 

Vfli.ucs  of  general  fracture  toughness  paraitscer 

and  t  ,  is  the  ultimate  tensile  strain  of  the  fibers,  were  calculated  from 

tii.r 

test  dar?'  for  various  [o . /±45  /90,7)  scmrinetric  and  balanced  laminates  made  with 

different  fiber  and  matrix  materials.  The  materials  were  graphitc/epexy  (Cr/Ep), 

boron/epoxy  (B/Ep),  K-glass/epcxy  (E-Gl /Fp) ,  S-glass-Era?hlce/epoxy  (S-Cl-Gr/Ep) , 

praphite/pol yitnide  (Gr/Pi),  and  boron/aluminum  (B/Al).  Ir.  all,  there  were  44 

combinations  of  materials  and  layups.  The  tests  were  conducted  on  speciaers  of 

various  sizes  containing  central  crack-llke  slits  of  various  lengths. 

Within  ordinary  scatter,  the  data  Indicate  that  *  constant  for 

all  laminates  that  do  not  split  extensively  at  the  crack  tips  or  lave  other 

dcviiite  failure  modes.  A  representative  va^ue  of  -  Is  l.ovmm.  Values 

w  cue 

of  0  /£  ace  sienif icantly  above  1.5v^  for  laminates  that  split  extensively 
•c  tuf 
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it  the  tmds  of  the  crack-Illce  slit.  Laminates  that  usually  split  ate  siade  o£ 
epoxv  with  a  large  proportion  of  0*  plies,  with  0*  plias  grctiptd  together,  or 
with  0’  plies  of  S-glass/epoxy  (hybrid).  The  value  of  ^ot  [t45l2g 

3/AL  speclnens  with  short  slits  is  also  elevated  due  to  overall  yielding. 

Radiography  and  crack-opening  displaceiaent  (COD)  neasarsaeots  are  ^cd 
nondestructive  test  methods  for  monitortne  crack-tip  damage  during  fracture 
tests.  Moreover,  for  [0/145/90]  Gr/Ep  specimens,  the  COD  measurements  reveal 
the  actual  extent  of  broken  0*  fibers  at  the  crack  tip. 

Strengths  were  predicted  for  specimens  made  with  the  various  Tsaterials 
and  lajuaps  and  compared  Co  the  measured  strengths.  A  single  value  of 

»  1.5»S  was  used  for  all  the  materials  and  la^nips.  Except  for  lasi- 
oates  that  split  extensively,  the  measured  and  predicted  strengths  agree  fairly 
well,  even  for  !l45]  layupa.  klnen  laminates  split,  predictions  are  conservative. 

Except  for  the  [l'45]  and  hybrid  layups,  ratios  of  cracked  to  uscracked 
strengths  arc  not  significantly  affected  by  the  type  of  material.  For  the 
[145]  layups,  the  ratios  of  cracked  to  uncracked  strengths  for  epoxy  spectaens 
are  much  larger  than  those  for  B/Al  specimens.  (For  net-section  stresses  st 
failure  to  be  lower  than  the  uncracked  strength,  the  width  of  [s45]  epoxy 
specimens  has  to  be  nearly  10  times  that  of  [1451  B/Al  specimens  or  fiber— 
dominatej  specimens.)  For  some  of  the  hybrid  layups,  the  cracked  strengths 
arc  about  twice  those  of  the  same  all-Gr/Ep  layups.  For  the  others,  they  are 
about  the  same  or  less.  The  general  fracture  toughness  parameter  correctly 
predicts  these  trends.  However,  the  predicted  strengths  of  the  hybrid  layaps 
are  usually  conservative  due  to  extensive  splitting. 

Layup  (laminate  orientation)  has  a  significant  effect  on  the  ratio  of 
cracked  to  uncracked  strength.  For  a  25  aun  slit,  the  ratio  for  a  [0/90}  Gr/Ep 
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specimen  is  nearly  one-fourth  that  for  a  [±45]  Gr/Ep  specimen  and  nearly  one- 
half  that  for  a  [0/145/90]  Gr/Ep  spccisien.  The  differences  Increase  with  slit 
length.  The  general  fracture  toughness  parameter  predicts  these  layup  effects. 
The  "point  stress"  and  "average  stress"  criteria  predict  no  layup  effect. 
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APPENDIX 


COHPARISOM  OP  ”POIST  STRESS"  CSTTcRIOS  AKD  GENERAL  FRACTURE 
TOUCHNESS  PARAHETER 

It  is  Important  to  note  the  differences  between  the  general  fracture  tough¬ 
ness  parameter  and  the  "point  stress"  criterion  of  n'hltaey  and  Nuliser. 

The  "point  stress"  criterion,  as  originally  presented  in  reference  2,  assumes 
that  the  distance  d^  to  the  point  where  the  laminate  stress  is  equal  to 
is  "a  material  property  independent  of  laminate  geometry  and  stress  distribu¬ 
tion,"  Data  in  reference  2  indicate  that  values  of  d  for  {0/t45l  E-Gl/Ep 

o 

specimens  with  holes  and  (0/±45]  Gr/Ep  specimens  with  crack-like  slits  are 
equal.  Since  then,  other  investigations  (refs.  6,  8,  and  16)  have  reported 
experimental  data  that  indicate  (or  a^  for  the  "average  stress"  criterion) 

may  be  equal  fur  different  materials  as  well  as  for  different  layups,  at  least 
for  fiber-dominated  laynips. 

One  can  infer  a  constant  characteristic  distance  from  the  general  fracture 
toughness  parameter  as  well.  Considering  only  the  singular  component,  the 

principal  fiber  strains  directly  ahead  of  the  crack,  tip  are  given  by 


whore  x  is  the  distance  from  the  crack  tip.  If  is  the  distance  to  the 

point  where  e.j  ■  follows  from  equation  (Al)  that 


(A2) 


Therefore,  if  Q  /e  ,  is  a  constant  for  all  lavups  and  materials,  then  the 
c  tuf 

characteristic  distance  5  is  a  constant  as  well. 

D 
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appendix 


Although  the  "point  stress"  criterion  and  the  general  fracture  toughness 
parameter  both  assure  or  imply  a  constant  characteristic  distance,  the  criteria 
arc  quite  different.  First,  unlike  the  "point  stress"  criterion,  the  general 
fracture  toughness  parameter  is  not  limited  to  fiber-dominated  layups.  Second, 
the  general  fracture  toughness  parameter  predicts  a  much  sicrc  significant  layup 
.*ff«ict,  even  for  fiber-dominated  lawps. 

The  layup  effect  can  be  seen  as  follows.  Considering  only  the  singular  com¬ 
ponent  of  stress,  the  "point  stress"  criterion  gives  in  terms  of  aa 

JlTTd  »  (A3) 

1  o  Q  tu 


(The  effect  of  including  only  the  singular  component  Is  negligible  when 
a  »  d^.)  k'hereas,  substituting  equation  (1)  into  equation  (A2) ,  the  general 
fracture  toughness  parameter  gives 

A  comparison  of  equations  (A3)  and  (A4)  shows  that  the  "point  stress"  criterion 

aredicts  that  K„/F  is  independent  of  lavup  and  material,  whereas  the  general 
Q  tu  .  r  . 

fracture  toughness  parameter  predicts  that  Inversely  with 

EF  //E  z  Sinilarlv,  the  "point  stress"  criterion  predicts  that  the  ratio 

tu  \  y  tut  / 

of  cracked  to  uncracked  strength  is  independent  of  layup  and  material, 

whereas  the  general  fracture  toughness  parameter  predicts  that  varies 

approximately  Inversely  with  )• 

The  factor  E  depends  taainly  on  layup  (laminate  orientation).  It  appears 
in  the  results  for  the  general  fracture  toughness  parameter,  and  not  the  point 
stress"  criterion,  because  the  principal  fiber  strains  depend  on  layup,  whereas 
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the  laninate  stresses  do  not.  For  fiber-dominated  layups*  tbe  values  of  C  i" 

table  Til  range  between  0.48  and  0.95  andt  for  [^451,  are  as  low  as  0.22. 

The  factor  F  //E  should  theoretically  be  unity  fee  fiber-dominated 

tu  ^  y  tuf  / 

layups  that  are  linear  to  failure.  For  most  of  the  fiber-dominated  layups  is 
table  I,  It  ranges  between  0.85  and  1.00.  (Meet  oi  the  values  below  0.85  are 
associated  with  the  nonlinear  B/Al  and  hybrid  layups  and  with  the  B/Sp  layups. 

As  noted  before,  the  B/Ep  results  see.ti  anomalous.)  Since  the  values  of 

J  range  approximately  between  one-half  and  unity  for  the  fiber- 
dominated  layups  in  table  III,  the  strengths  calculated  with  the  general  frac¬ 
ture  toughness  parameter  will  be  as  much  as  two  times  those  calculated  with  chc 
"point  stress'*  criterion.  Similarly,  the  characteristic  distances  calculated 
with  the  two  criteria  differ  by  as  much  as  a  factor  of  4,  For  the  ff45l  epoxy 
layups,  the  differences  can  be  much  larger. 

iUso,  note  that  the  general  fracture  toughness  parameter  can  be  applied  to 
laminates  containing  holes  and  other  types  of  notches  just  like  the  "point 
stress"  criterion. 
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TABLE  I.-  ULTIMATE  TKNSTLE  STRENGTHS  AND  GEKF.RAT,  ERACTURE 


TOUGHNESS  VALUES  FOR  V.ARIOUS  MATERIALS  AND  LAYUPS 


1  Laminate 

orientation 

1 

^^Pa 

Q  » 

*^nra 

v'lrjR  ! 

! -  - 1 

T300/5208  Graphite/Epoxy  (ref.  5)  : 

=  I0/I4.5]2g 

541 

0.0:091 

1.091 

lO/90/+45]^ 

5 

4  54 

.01752 

1.752 

j  T3OO/5203  Graphite/Epoxy  (ref.  6)  1 

j  [0/145/90] 

494 

0.02483 

2.483 

:  [0/90]^5 

637 

.02521 

2.251 

( 

_ _ _ 1 

T30C/5208  Graphite/Epoxy  (ref.  7) 

1  [=-5]25 

172 

0.01566 

1 

1.566 

1  [45/0/-4V90]. 

1  ^ 

375 

.01536 

1.586 

[90/145/0] g 

34  3 

.01768 

1.768 

rs45/0/90]. 

365 

.01443 

1.443 

i 

1  [±45/90/0lg 

452 

•01375 

1.375 

1  fO/ii  3/901 _ 

1  S 

462 

.01600 

1.600 

1  ro-7/i45/90“’„ 

1  -  -  -*5 

585 

.02199 

2.199 

[02/l45/02/9olg 

702 

.02035 

2,035 

0.;/l45/90]g 

742 

.03877 

3.877 

1  .  . 

-  —  — . -  - 

IkVLZ  I.-  Continued 


1  Laminate 

1  orientat ion 

Gu-  ! 

MPa 

1 

T300/934  Graphite/Epoxy  (ref.  8)  t 

j 

1427 

0.03002 

3.002  1 

1  [0/±45/0j2g 

724 

.01021 

1.021 

10/901,5 

793 

.01645 

1.645 

167 

.OHIO 

l.llO 

, .  j 

■  T300/SP-286  Graphlte/Epoxy  (ref.  9)  j 

1 

l0/i45/90] 

502 

0.01904 

- 1 

1.904 

T300-S-Glass/5?08  Graphite-S-C 

Slass/Fpoxy  (ref.  7J  | 

L02Gl/=^5Gr]s 

787 

0.07053 

2.519 

i  i0Gl/-45Gr/90Grig 

367 

.04496 

1.606 

[Ogi / i 4  5Gr / Ocr / 90nrj  g 

368 

.02561 

2.561 

L"^5Gl/i45Grjs 

1  . 

168 

.02798 

2.798 

Cel  Ion  6000/PKR-15  Graphtte/Pol yimide  (ref 

11) 

i 

!  (0/45/90/ -451  2s 

r 

433 

0.01756 

1  1.736 

1  T300/5208  Graphitc/Epoxy 

f 

[Manufacturer  D)  j 

i  I45/O/-45/OI25 

1  750 

0.01000 

1 

l.OQD 

;  I45/O/-45/90I2S 

j  504 

.01607 

1.607 

-  f 

r 

j  T300/3208  Graphite/Kpoxy 

(Manufacturer  B)  j 

1 - 

i  ■45/0/-45/90l2g 

i 

458 

i - 

0.01773 

1.773 
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TABLE  I.-  Concluded 


1  . 

Laminate 

orientation 

L _ 

"tu* 

MPa 

^c* 

v-nm 

0  /c.  ,,  ! 

•c  tuf  j 

1  E-Glass/5208  Z-G] ass/Fpoxy  (ref.  6) 

[0/±45/90]2g 

320 

0.02946 

1.473 

423 

.03256 

1.628 

I 

Avco  Boron 

(4  miD/Epoxy  (ref.  10) 

(0/145/90! , 

1  ^ 

439 

0.01089 

1.452 

[02/i45]g 

827 

.01032 

1.376 

[0/45/0/-45]g 

789 

.009778 

1.304 

"±45/02]  g 

808 

.01078 

1.437 

[i45/0/±45/01g 

491 

.007190 

.959 

190/0] 

1 

^655 

.008819 

1.176 

10/90/02/ (±45)2] s 

567 

.009710 

1.295 

i02/902/02/i45]g 

553 

.01127 

1.503 

]902/02/902/+45jg 

169 

.005107 

.681 

t90/-45/90/45]5 

123 

.005161 

.688 

‘='■5)25 

141 

.00925 

1.233 

• 

B5,6/6061-F 

Boron /AluTnimra  (ref.  1) 

lol„ 

1672 

0.01328 

1.679  1 

( 

i02/i45 [g 

800 

.01068 

1.351 

[4^5^02]  s 

911 

.01074 

1.358 

[0/±45]g 

581 

. 

.01250 

1.581 

' 

[±45125 

221 

! 

.02156 

2.726 

Reference  13 


TABLE  HI.-  Continued 
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'I'ABLK  111.-  Concluded 
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[ij5/0/-45/0j 

ALL-GR/EP 


Figure  6.-  Predicted  and  measured  strengths  of  specimens  with 

different  materials. 


Continued. 


Figure  6.-  Continued. 


Figure  6.-  Concluded. 


Figure  8.-  Predicted  ond  measured  strengths  of  hybrid  specimens  w 

different  layups  (ref.  7). 


PREDICTED, 

-[O/QO/t/iS]^  r  V^tuf  “ 

(ref.  5)  \ 


Figure  9.-  Predicted  and  measured  strengths  of  6r/Ep  specimens  with 

different  layups. 
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A  general  fracture  toughness  parameter  Q^.  was  previously  derived  and  verified 
to  be  a  naterlal  constant,  independent  of  layup,  for  centrally  cracked  boron/ 
aluminuia  conpositc  specinens.  The  speciieens  were  made  with  various  proportions  of  ‘ 
0”  and  145**  plies.  Moreover,  a  llolced  amount  of  data  Indicated  that  the  ratio 
Qc/c^uf,  where  is  the  ultlaate  tensile  strain  of  the  fibers,  sight  be  a  con> 

scant  for  all  composite  laminates,  regardless  of  material  and  layup.  In  that  case, 
a  single  value  of  Qc^^tuf  could  be  used  to  predict  the  fracture  toughness  of  ail 
fibrous  composite  laminates  from  only  the  elastic  constants  and  Ctuf* 

To  verify  that  tje^^tuf  Indeed  a  constant,  values  of  Qt'^^tuf  calcu¬ 

lated  for  centrally  cracked  specinens  made  from  graphite/polyimlde,  graphite/ epoxy, 
E-glass/cpoxy,  boron/epoxy,  and  S-glasi-graphlte/epoxy  materials  with  numerous 
[0i/t45j/90k]  layups.  Within  ordinary  scatter,  the  data  indicate  that  Qc^^tuf 
a  constant  for  all  laminates  that  did  not  split  extensively  at  the  crack  tips  or 
have  other  deviate  failure  modes. 


Using  a  single  value  of  Qc/^tuf  *1-1  the  layups  and  materials,  strengths 

were  predicted  for  the  test  specimens.  The  predicted  and  teat  values  agree  well 
except  for  laminates  that  split  extensively.  Then,  the  predicted  strengths  are 

usually  conservative. 
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